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Abstract—Strongly Coupled Magnetic Resonance (SCMR) uses
electromagnetic resonance in order to efficiently transfer power
wirelessly over mid-range distances. Since the energy exchange
capability of resonant objects higher than non-resonant objects,
strongly coupled systems are able to achieve more efficient energy
transfer than other wireless power transfer systems. The paper
presents detailed experimental and simulated analysis of the
performance of the SCMR system. A prototype of the SCMR
system was implemented and experiments were conducted to
analyze the performance of the system. Finally, the resonant
frequency of the system was experimentally verified and the
factors influencing the wireless power transfer were also studied.
Keywords: Wireless Power Transfer (WPT) and Inductive Cou-
pling, Strongly Coupled Magnetic Resonance (SCMR)
I. INTRODUCTION
The concept of wireless power transfer (WPT) was invented to
the world by Sir Nikola Tesla in 1899 [1],[2]. After that, many
scientists have conducted various research towards the devel-
opment of schemes for transferring energy over long distances
without any carrier medium. As a result, a few methods were
proposed to achieve WPT such as inductive coupling, resonant
inductive coupling, Microwave and laser power transmission
[3]-[5]. However, conventional WPT methods were unable to
achieve higher efficiencies at modest distances [6].
The latest WPT technique called as Strongly Coupled Mag-
netic Resonance (SCMR) was introduced to the world in the
recent past [6]-[9]. This new scheme is capable of transferring
energy efficiently over mid-range distance based on electro-
magnetic resonance.
Strongly coupled systems are able to achieve efficient energy
transfer because energy the exchange capability of resonant
objects surpass non-resonant objects [10], [11]. Since the four-
coil system of SCMR can achieve higher efficiencies and
higher quality factor compared with the traditional two coil
system usually used for the inductive coupling, the detrimental
effects of low coupling coefficients can be counteracted.
In [7], it was possible to experimentally demonstrate efficient
non-radiative power transfer over distances up to 8 times the
radius of the coils. The researchers were able to transfer 60
watts with 40% efficiency over distances in excess of 2 meters.
However, the magnitudes of electrical and magnetic fields of
this system were above thresholds specified by general safety
regulations. Kim Ean and others investigated the performance
of the magnetic resonance power transfer scheme using band-
pass filter models in [12].
In this paper, the authors proposed a new approach for a multi-
receiver power transfer system using the band-pass filter model
and the impedance matching technique to power multiple
loads. The physical limitations and the radiation effect of Near-
Field Coupling wireless power transfer systems were studied
in [13]. Optimizing the load impedance and the distance
between the two devices to improve power transfer efficiency
is also addressed in this work.
However, most of the research on strongly coupled magnetic
resonance is still at the simulation stage. As a result, there are
only a few experimental results available on the performance
of the SCMR system. Then, we conducted this research
in order to analyze the performance of the SCMR system.
First, we simulated SCMR system model using the MATLAB
simulation software to get the optimal loop and helix structure.
Then we conducted an experiment to verify the resonance
frequency of the system. The next experiment was conducted
to obtain the optimal distance between transmitter and receiver
at the resonant frequency. Finally, the factors influencing WPT
were studied.
In this paper, background and problem statement is described
in section II. Wireless power transfer using strongly coupled
magnetic resonance is described in Section III. The experi-
mental setup is described in section IV. Experimental results
and analysis are included in section V. Finally, our conclusions
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are drawn in Section VI.
II. THEORY AND DESIGN OF THE STRONGLY
COUPLED MAGNETIC RESONANCE
A. Theoretical Aspects of the SCMR System
Two resonant objects with the same resonant frequency tend to
efficiently exchange power while dissipating relatively small
amount of energy in outward off-resonant objects [9]. Nor-
mally,there is a general strongly coupled regime of operation
in a coupled resonance system. In such systems, the energy
transfer can be maximized by operating that system in the
strongly coupled regime.
Fig. 1. Schematic Diagram of SCMR System
Basically, SCMR approach consists of four elements, namely
the source element, transmitting and receiving elements and
the load element as shown in Fig. 1. The source element
is connected to the power source of the system and it is
inductively coupled with the Transmitting element. Since both
Transmitting and Receiving loops of the system are designed
to resonate at the resonance frequency of the system, the
quality factor (Q) between the two loops is maximized.This
guarantee that the energy exchange between these loops is
maximal while the loops are connected together via electro-
magnetic resonance coupling. The system can be represented
by an equivalent circuit diagram as shown in Fig. 2.
Fig. 2. The Equivalent Circuit of SCMR System
The most significant interaction for energy transfer mainly
occurs between the transmitting and receiving coils. So, the
efficiency of the system is determined by the separation
between these two coils. The input impedance looking into
the coupled coils Zin is a function of the mutual coupling
between transmitting and receiving coils where the output
impedance Zout is a function of the transferred power. For
analyzing SCMR, both coupled mode theory (CMT) [14]-[16]
and circuit theory (CT) [17], [18] can be applied. However, the
coupled mode theory is highly complex and it requires long
theoretical analyzes. The most of the research are conducted
using the circuit theory because it is comparatively simpler
than the coupled mode theory. So, we also used the circuit
theory in our analysis.
In order to electrify the power coil, the voltage source VS
with an internal resistance of RS is used. An oscillating
magnetic field is resulted by the I1 current flowing through the
L1 inductor. A portion of these magnetic field lines passing
through the other coils to produce flux linkages. According to
the Neumann formula, the mutual inductance (Mij) between
the coil i and j may be expressed as below,
Mij ≈ piµNiNjri
2rj
2
2[dij
2
+ rj2]
3
2
here i,j = 1,..,4 (1)
Here, N is the number of turns in a coil, d is coupling distance
between the coils and r is the radius of the coil . Since, all
the coils in the system are mutually coupled to each other as
shown in Fig. 2,the fraction of flux linking a coil due to the
flow of current in nearby coils can be determined in term of
coupling factor. Coupling factor is generally denoted by letter
k and can be calculated from the equation 2.
kij =
Mij√
LiLj
(2)
The resonant circuit is made up of lumped elements. The com-
pensation capacitance at the power coil is made independent
of the load by this structure and it helps to retain the resonance
during fluctuation of load. The cross-coupling parameters k13,
k24 and k14 are omitted to make the analysis straightforward.
In order to establish strong power transmission with high Q-
factor, L1 << L2, L4 << L3, k23 << k12 and k23 << k34
conditions should be met. The following matrix can be derived
by applying Kirchhoff's circuit laws for each and every loop.
VS
0
0
0
 =

Z1 jω0M12 0 0
jω0M12 Z2 −jω0M23 0
0 −jω0M23 Z3 jω0M34
0 0 jω0M34 Z4


I1
I2
I3
I4

If Qi = ω0Li/Ri, using the above matrix, the system
voltage transfer function (VL/VS) can be obtained
as shown in equation 3 at the bottom of the page.
|S21| ≈ 2k12k23k34Q2Q3
√
Q1Q4
1 + k12
2Q1Q2 + k23
2Q2Q3 + k34
2Q3Q4 + k12
2k234Q1Q2Q3Q4
(3)
The transmission efficiency of the wireless power transfer link
can be shown as,
η =
Pout
Pin
=
I4
2RL
I1
2
(
RS
4
) = |S21|2 (4)
Above equations show that to maximize the efficiency of the
SCMR system, the Q-factor should be maximized.
B. Transceiver Design
Power transfer efficiency is the critical factor determine the
performance of the resonant power transfer link. It is deter-
mined by the self-inductance of the coil, quality factor (Q-
factor) and the resonance frequency. Here, we present the
fundamental theory for designing a SCMR system that uses
loops and helices as the transmitting and receiving elements.
In coupling based wireless power transfer systems the, helices
are usually flavored as transceiver elements due to self-self-
tuning capabilities of these elements. Because, helices consist
of distributed inductance and capacitance and therefore they
avoid the use of external capacitors to get a desired resonant
frequency (fr).
Normally, we can represent transmitting and receiving ele-
ments of the WPT system using a series RLC circuit and
according to the equivalent circuit resonance frequency of the
SCR system can be expressed by using Equation 5.
fr =
1
2pi
√
LC
(5)
Here, resonators have a resonant frequency fr, and it is also
the operational frequency of the SCMR wireless power transfer
system.L and C are the inductance and the capacitance of the
circuit respectively. The quality factor (Q-factor) of an ideal
series RLC circuit is given by equation 6.
Q =
ωrL
R
=
2pifrL
R
(6)
Consequently, the Q-factor of a resonator of SCMR system
(i.e., self-resonant) can be expressed as,
Q =
2pifrL
Rohm +Rrad
(7)
Here L, Rrad and Rohm are the self-inductance, radiation
resistance and ohmic resistance of the helix resonator respec-
tively and which can be given by,
L = µ0rN
2
[
ln
(8r
rc
)
− 2
]
(8)
Rrad =
pi
6
η0N
2
(2pifrr
c
)4
(9)
Rohm =
(√
µ0ρpifr
)Nr
rc
(10)
Where µ0 is the permeability of free space, ρ is the material
resistivity of the helix coil, r is the radius of the helix, rc is
the cross-sectional wire radius, N is the number of turns, f
is the frequency, η0 is the impedance of free space and c is
the speed of light. Finally, expression for the Q-factor of a
resonant helix can found by inserting the expressions for the
inductance and resistances of the helix (Equation 8-10) into
the equation 7 and the resulting equation can be written as,
Q(fr, r, rc, N) =
2pifrµ0rN
2
[
ln
(
8r
rc
)
− 2
]
(
µ0ρpifrr2N
r2c
) 1
2
+ 20pi2N2
(
2pifrr
c
)4 (11)
III. EXPERIMENTAL SETUP
The experimental setup of the WPT system is illustrated in
Fig. 3. The system consists of four major components. Those
are, signal generator circuit, amplifier module, transducers and
the class E rectifier circuit. There is an AD9850 DDS signal
generator module which is operated through Arduino. In order
to increase the efficiency of the WPT system, amplifier module
and a class E rectifier circuit are used. There are four coils
implemented in the transducer system. Those are source coil,
load coil, Tx coil and Rx coil. The Tx and Rx coils have outer
radius, r of 16 cm and eight turns each. The cross-section coil
radius, rc of all four types of coils is 3 mm.Our experimental
setup was designed using the key parameters given in Table I.
Fig. 3. The Experimental Setup of SCMR System
TABLE I
PARAMETERS OF THE EXPERIMENTAL SETUP
Symbol Note Value
L1, L4 Source / Load Coil Inductance 1 µH
R1, R4 Source / Load Coil Self Resistance 0.02 Ω
L2, L3 Resonant Coil Inductance 24 µH
C2, C3 Resonant Coil Capacitance 1048 µF
R2, R3 Resonant Coil Self Resistance 0.04 Ω
fr Resonant Frequency 12 MHz
IV. EXPERIMENTAL RESULTS AND ANALYSIS
A. Optimal Loop and Helix Structure Simulation for the
SCMR
In order to show that the impact of the design of the optimal
loop on the efficiency of the SCMR system, we utilized
simulations using MATLAB software. We were able to study
that the Q-factor increases when the number of turns are
increased. But, the frequency which gives the maximum
Q-factor does not depend on it. We were also able to find out
that the cross-sectional wire radius also affects the Q-factor
in the same manner as number of turns. We studied that
the resonant frequency which gives the maximum Q-factor
is highly dependent on the radius of the coil as shown in Fig. 4.
Fig. 4. The Q-Factor Vs Frequency for Difference Radius of the Loop
B. Experimentally Verifying the Resonant Frequency of the
SCMR System
In order to experimentally verify the resonant frequency of
the SCMR system, we observed the variation of the output
voltage with the frequency as shown in Fig. 5. According
to our experimental results, the resonant frequency of our
system is approximately 12 MHz. Output voltage vs frequency
curve of the resonant network has two hills and one valley.
This phenomena is known as frequency splitting and it is
further discussed under concerns of WPT in this paper. It
can be clearly observed that the efficiency of the SCMR
system significantly reduces when the operating frequency of
the system vary from the resonance frequency .
Fig. 5. Output Voltage Vs Frequency for SCMR System
C. Optimal Distance at the Resonant Frequency
In inductive coupling voltage gets reduced when the separation
between the resonant loops is increased. But, in SCMR system,
the voltage does not only depend on only on the distance. [26].
According to experimental results, the optimal distance at the
resonant frequency is 36 cm.
Fig. 6. Output Voltage Vs Distance for SCMR System
D. Factors Influencing the WPT
There are some problems present WPT and it is an interesting
subject for research. Even though the operating principle of
the WPT is well known, there are some aspects which are not
fully explained and some components of the system for which
improved solutions should be found out [19].
1) Influence of Harmonics: Here, we study the influence of
harmonics introduced by the source on transfer performance.
First, we analyze the output voltage of the amplifier and its
harmonic content. Fig. 7 shows the harmonic spectrum of
the output voltage of the amplifier. One can notice that the
fundamental harmonic has the highest value, but both odd and
even order harmonics bring an important contribution to the
output voltage of the amplifier.
Fig. 7. Harmonic Spectrum of the Output Voltage of Amplifier
As a result of the band-pass characteristic present in the
resonant network, SCMR attenuates the other frequency com-
ponents while passing through fundamental frequency com-
ponents [20]. This operation is illustrated in Fig. 8. For our
experimental setup the resonance frequency is selected as 12
MHz.With the aim of studying the effects of the harmonics
and to verify the transducer setup, we transmitted a signal
having half of the resonant frequency, i.e. 6 MHz. In this
scenario, we observed that the second harmonic component
of the transmitted signal, i.e. 12 MHz is predominant. Then,
we can conclude that the transducers are adjusted to resonate
at 12 MHz.
Fig. 8. Harmonic Spectrum of the Output Voltage at the Receiving End
2) Frequency Splitting Analysis: Frequency splitting has been
widely observed in SCMR which is also a key characteristic
of the WPT. In the splitting region, the resonant frequency
separates into two different resonant frequencies. The cir-
cuit model can be used to comparatively analyze frequency
splitting in magnetically coupled wireless transfer systems.
According to research, it was found out that frequency splitting
occurs in the voltage gain and in the output power [21].
In [22]-[24], the factors such as the internal resistance of
the source and mutual inductance between coils which are
related to the frequency-splitting phenomenon were studied
through theoretical calculations and experiments .It was found
that reducing the source internal resistance, and increasing
the mutual inductance of the source coil and the sending
coil, as well as the mutual inductance of the load coil and
the receiving coil, all help relieve the frequency-splitting
phenomenon and improve the efficiency. There are two types
of solutions available for the frequency-splitting phenomenon.
Those are, tuning the frequency at close distances and adding
an impedance matching network [6], [25].
V. CONCLUSION
The detailed simulated and experimental study of SCMR
in this paper demonstrated that by carefully designing the
geometry, distance, size and properties of the transceiver loops,
efficiency and distance of transmission in a WPT system can
be enhanced. We used simulated mathematical results in order
to optimize these parameters. The simulation results showed
that that the resonant frequency which gives the maximum Q-
factor is highly dependent on the radius of the coil. In this
paper, the harmonics introduced by the transmitter elements
were studied and we concluded that the harmonics get attenu-
ated as a result of SCMR system acting as a band-pass filter.
Frequency splitting phenomena were experimentally observed.
In practice, a certain rated power is required, but some of the
electronic components may struggle with the operation in MHz
resonant frequency, for example, semiconductor devices and
so on. Finally, we concluded that an efficient wireless power
transfer system can be successfully implemented using opti-
mum parameters of the strongly coupled magnetic resonance.
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